Alterations in cortical parvalbumin (PV)-containing neurons, including a reduced density of detectable neurons and lower PV levels, have frequently been reported in the dorsolateral prefrontal cortex (DLPFC) of schizophrenia subjects. Most PV neurons are surrounded by perineuronal nets (PNNs) and the density of PNNs, as detected by Wisteria floribunda agglutinin (WFA) labeling, has been reported to be lower in schizophrenia. However, the nature of these PNN alterations, and their relationship to disease-related changes in PV neurons, has not been assessed. Using confocal microscopy, we quantified the densities and fluorescence intensities of PV neurons and PNNs labeled with WFA or immunoreactive for the major PNN protein, aggrecan, in the DLPFC from schizophrenia and matched comparison subjects. In schizophrenia, the densities of PV cells and of PNNs were not altered; however, the fluorescence intensities of PV immunoreactivity in cell bodies and of WFA labeling and aggrecan immunoreactivity in individual PNNs around PV cells were lower. These findings indicate that the normal complements of PV cells and PNNs are preserved in schizophrenia, but the levels of PV protein and of individual PNN components, especially the carbohydrate moieties on proteoglycans to which WFA binds, are lower. Given the roles of PV neurons in regulating DLPFC microcircuits and of PNNs in regulating PV cellular physiology, the identified alterations in PV neurons and their PNNs could contribute to DLPFC dysfunction in schizophrenia.
INTRODUCTION
Among the many clinical features of schizophrenia, deficits in cognitive functions, including working memory, appear to reflect the core disease process (Kahn and Keefe, 2013) . Working memory requires the synchronized activity of specific microcircuits in layer 3 of the dorsolateral prefrontal cortex (DLFPC) (Arnsten, 2013) , consisting of reciprocal connections between excitatory pyramidal cells (PCs) and a subset of GABAergic interneurons that express the calciumbinding protein parvalbumin (PV) (Curley and Lewis, 2012) . Consistent with working memory impairments in schizophrenia, multiple post-mortem studies have demonstrated morphological and/or molecular alterations in DLPFC layer 3 PCs and PV neurons in schizophrenia subjects. These alterations include reduced dendritic spine density on PCs, specifically in deep layer 3 (Glantz and Lewis, 2000) , lower levels of PV mRNA specifically in layers 3 and 4 (Fung et al, 2010; Hashimoto et al, 2003) , and reduced PV protein in PV basket cell terminals in layer 3 (Glausier et al, 2014) . Lower levels of PV mRNA and protein could be explained by a loss of PV neurons, which are highly enriched in cortical layers 3 and 4 (Hashimoto et al, 2003; Tooney and Chahl, 2004) , and/or reduced levels of PV in some cells. However, studies investigating PV cell density in schizophrenia have provided mixed results (Beasley et al, 2002; Hashimoto et al, 2003; Tooney and Chahl, 2004; Woo et al, 1997) .
Most cortical PV neurons, and a small number of PCs, are ensheathed by perineuronal nets (PNNs), a condensed form of extracellular matrix (Berretta et al, 2015) involved in the closure of developmental critical periods, regulation of synaptic plasticity, and are altered by oxidative stress (Cabungcal et al, 2013b; McRae and Porter, 2012) . Several PNN proteoglycans, the lecticans, are highly glycosylated, and one, aggrecan, is highly enriched in mature PNNs (Bitanihirwe and Woo, 2014) . The density of PNNs labeled with Wisteria floribunda agglutinin (WFA), a lectin that binds to specific carbohydrate moieties on proteoglycans, has been reported to be markedly lower in the entorhinal and prefrontal cortices in schizophrenia (Mauney et al, 2013; Pantazopoulos et al, 2010 Pantazopoulos et al, , 2015 .
A lower density of PNNs in schizophrenia could be the consequence of one or more different pathological processes. First, a lower density of PNNs could be the result of fewer PV neurons for PNNs to surround. Second, fewer PNNs could reflect a failure in PNN formation and/or maintenance, which would be seen as a loss of multiple PNN markers and a lower proportion of PV neurons surrounded by PNNs, without a reduction in PV cell density. Third, the detectability of PNNs could be reduced because of alterations in their composition (eg, lower glycosylation of aggrecan).
To differentiate among these possibilities, we used quantitative, high-resolution imaging and an unbiased stereological sampling approach. PNNs were labeled with WFA and an antibody that recognizes aggrecan, in combination with markers of PV neurons and PCs, in DLPFC layer 3 from schizophrenia and healthy comparison subjects as layer 3 has the highest density of both PV neurons (Hashimoto et al, 2003) and PNNs (Mauney et al, 2013) . The density of PV-positive cells and the intensity of PV labeling per neuron were quantified along with the proportion of PV cells surrounded by PNNs. In addition the relative levels of aggrecan and WFA labeling in individual PNNs were determined.
MATERIALS AND METHODS

Human Subjects
All tissue specimens (n = 56) were donated to the University of Pittsburgh Brain Tissue Donation Program following consent of next of kin as described previously (Glausier et al, 2015) . Each subject with schizophrenia (n = 20) or schizoaffective disorder (n = 8) was matched to one unaffected comparison subject for sex and as closely as possible for age and postmortem interval (PMI). Subject groups did not differ in mean age, PMI, or tissue storage time (Table 1 and Supplementary  Table 1 ). See Supplementary Methods for details.
Tissue Processing and Immunohistochemistry
The left hemisphere of each brain was blocked coronally at 12 mm thickness, immersed for 48 h in cold 4% paraformaldehyde, cryoprotected, and stored at − 30°C. Blocks containing DLPFC area 9 were sectioned along the rostralcaudal axis at 40 μm. Tissue sections at a similar rostralcaudal level were randomly selected from each member of a subject pair, and both sections were processed together. Two immunohistochemical runs containing 13 and 15 subject pairs, respectively, were conducted. In both immunohistochemical runs, fluorescence immunohistochemistry was performed using the lectin WFA and antibodies against PV and aggrecan, followed by fluorescent Nissl staining. In immunohistochemical run 2, a NeuN antibody was also used to enhance identification of PCs. See Supplementary Methods for details.
Antipsychotic-Treated Monkeys
Four male long-tailed macaque monkeys were treated chronically for 9-12 months with haloperidol decanoate as described previously (Pierri et al, 1999) . Each animal was matched to an untreated comparison animal based on sex, age, and weight. Tissue sections from the mid-portion of the principal sulcus were processed for immunohistochemistry as described above, except that the aggrecan and NeuN antibodies were not used. See Supplementary Methods for details.
Stereological Methods and Image Capture
Before low magnification imaging, a power analysis of the number of cells needed to detect a difference in PV cell density, based on prior findings (Beasley et al, 2002) , was used to determine the total number of PV neurons to sample. All slides were coded so that the experimenter was blinded to diagnosis. For low magnification imaging, a × 20 objective (0.75 NA) was used; high magnification imaging was performed using a super-corrected × 60 oil objective (1.4 NA). For the monkey study, sampling and imaging at high and low magnification were performed in a manner similar to the human study. See Supplementary Methods for details.
Image Processing
Imaging and processing were performed similar to the previous studies Rocco et al, 2015) . Specifically, exposure times during image capture were optimized to prevent saturating conditions for each channel in each image stack and differences in exposure times were corrected before processing. Images were subjected to deconvolution and intensity histograms for each channel were independently adjusted to identical settings across all subjects allowing PV-positive cells and PNNs to be masked under identical conditions across all subjects. These approaches have been previously used to obtain quantitative measures of immunofluorescence intensity across a wide dynamic range (Curley et al, 2011; Fish et al, 2011; Glausier et al, 2015) . See Supplementary Methods for details.
Statistical Analyses
Two analyses of covariance (ANCOVA) models (paired and unpaired) were used as described previously (Glausier et al, 2015) to test the effect of diagnosis on each dependent variable. All reported values are from the paired ANCOVA as both models yielded similar results (except where noted in the text).The results from all ANCOVA models are presented 
RESULTS
PV and PNN Labeling is Prominent in DLPFC Layer 3
In the comparison subjects, qualitative analyses revealed that PV neurons and PNNs (identified by WFA labeling or aggrecan immunoreactivity) were present in greatest density in layer 3 of DLPFC area 9 (Figure 1a-1), consistent with prior findings (Hashimoto et al, 2003; Mauney et al, 2013) . Many PV neurons were surrounded by PNNs and the majority of PNNs surrounded PV neurons; however, some 
Apparent Lower PV Cell Density in Schizophrenia Reflects a Reduced Intensity of PV Immunolabeling
Under low magnification, the mean (± SD) density of layer 3 PV cells in schizophrenia subjects (2695 ±527 cells per mm 3 ) was 11.7% lower (F 1,27 = 7.54, P = 0.011; Figure 2a ) compared with that in comparison subjects (3051 ± 416 cells per mm 3 ), a decrement similar to a previous study (Beasley et al, 2002) . However, under high magnification, mean PV cell density did not differ (F 1,20 = 0.0, P = 0.88; Figure 2b ) between schizophrenia (3032 ± 634 cells per mm 3 ) and comparison (3060 ± 605 cells per mm 3 ) subjects. The difference in the PV cell density findings between low and high magnification studies could be attributed to lower PV labeling intensity per neuron. PV cell density did not differ between the two magnifications in comparison subjects, whereas in schizophrenia subjects lower PV expression may render some neurons undetectable at low magnification. Consistent with this interpretation, under high magnification the mean fluorescence intensity of PV immunoreactivity in PV cell bodies surrounded by aggrecan-positive PNNs was 25.6% lower (F 1,27 = 10.0, P = 0.004; Figure 2c ) in schizophrenia (424.5 ± 183.7 arbitrary units (a.u.)) compared with that in comparison (570.9 ± 269.4 a.u.) subjects. In the PV cells lacking aggrecan PNNs, mean soma PV levels were also 25% lower (F 1,27 = 6.0, P = 0.021; Figure 2d ) in schizophrenia subjects (501.9 ± 235.6) compared with that in comparison subjects (668.8 ± 339.3).
Interestingly, PV cells lacking PNNs were smaller than those with PNNs in both subject groups (Figure 3a and b, t 55 = 27.6, Po0.0001, paired T-test for all subjects) and there was no effect of diagnosis on PV soma size in cells with (F 1,27 = 2.2, P = 0.147; Figure 3c ) or lacking PNNs (F 1,27 = 2.2, P = 0.148; Figure 3d ). Furthermore, mean soma PV levels were positively correlated between cells surrounded by or lacking PNNs within both comparison (r = 0.667, Po0.01) and schizophrenia (r = 0.666, Po0.01) subjects, suggesting that PV levels in schizophrenia are lower in PV cells, regardless of the presence of a PNN. These data indicate that PV cell density is not altered in schizophrenia, but that lower PV protein levels make PV cells more difficult to detect under low magnification.
Labeling Intensity, but not Density, of PNNs is Lower in Schizophrenia
Because these data suggest that reports of lower PNN density in the DLPFC of schizophrenia subjects (Mauney et al, 2013) is not due to a loss of PV cells, we investigated whether the proportion of PV cells with PNNs was altered in schizophrenia. At low magnification, the mean percentage of PV-positive cells with WFA-positive PNNs in schizophrenia subjects (53.5 ± 24.7%) was lower (F 1,27 = 6.1, P = 0.02) compared with that in comparison subjects (64.6 ± 20.4%), although this did not achieve statistical significance in the unpaired ANCOVA (Supplementary Table 2 ). The mean percentage of PV-positive cells with aggrecan-positive PNNs (Figure 4b ) was also lower (F 1,26 = 13.0, P = 0.001) in schizophrenia (76.7 ± 5.6%) relative to comparison subjects (80.6 ± 3.8%), although the magnitude of the difference was much smaller than the reduction seen for WFA-positive PNNs. The much higher percentage of PV cells with aggrecan-positive PNNs compared with WFA-positive PNNs in both subject groups suggested that the apparent lower density of PNNs in schizophrenia under low magnification could reflect reduced PNN labeling and not a loss of PNN structure.
To investigate this possibility, we quantified the proportion of PV cells with aggrecan-positive PNNs and the fluorescence intensity of aggrecan and WFA labeling within PNNs at high magnification. The proportion of PV neurons with aggrecan-labeled PNNs did not differ (F 1,27 = 0.556, P = 0.463) between comparison (78.6 ± 6.4%) and schizophrenia (77.4 ± 7.6%) subjects ( Figure 4c ) and nearly all aggrecan-positive PNNs around PV cells were also labeled with WFA, regardless of diagnosis. In contrast, the mean fluorescence intensity of aggrecan immunoreactivity (Figure 4d ) was 30.8% lower (F 1,27 = 15.9; Po0.001) in schizophrenia (221.7 ± 83.1 a.u.) relative to comparison (320.1 ± 131.2 a.u.) subjects. Similarly, the mean fluorescence intensity of WFA labeling in PNNs (Figure 4e ) was 48.0% lower (F 1,26 = 8.2, P = 0.008) in schizophrenia (158.7 ± 166.0 a.u.) compared with that in comparison (305.4 ± 295.0 a.u.) subjects (Supplementary Table 2 ). Taken together, these findings indicate that PNNs surrounding PV neurons are preserved in schizophrenia, but that lower levels of PNN components render them more difficult to detect under low magnification. Consistent with this interpretation, the intensity of WFA labeling in PNNs at high magnification and the proportion of PV cells surrounded by WFA-labeled PNNs at low magnification were positively correlated across all subjects (r = 0.41, P = 0.002; Figure 4f ), demonstrating that lower fluorescence intensity of PNN labeling with WFA leads to the appearance of fewer WFA-labeled PNNs at low magnification.
The Effects of Comorbid Factors on PV and PNN Labeling
After Bonferroni correction for multiple comparisons (n = 7 dependent measures, resulting in a corrected significant P-value = 0.0071) within each comorbid factor, no 2 bins) without PNNs from healthy (black) and schizophrenia (dark gray) subjects. In (c and d) there was no effect of diagnosis on soma cross-sectional area.
measures of PV or PNN labeling differed between schizophrenia subjects as a function of sex, tobacco use at the time of death, use of antidepressants or benzodiazepines and/or sodium valproate at the time of death, or a diagnosis of schizoaffective disorder (Supplementary Table 3 ). Schizophrenia subjects who committed suicide had higher PV immunoreactivity in the soma of PV cells lacking PNNs (Supplementary Table 3 ), a finding of uncertain significance. Furthermore, we saw no significant correlation between any dependent variable and age or post-mortem interval in either diagnostic group (P40.05 by Pearson's correlation). In addition, no dependent measures differed within subject pairs between schizophrenia subjects who were on or off antipsychotics at the time of death. Because only four schizophrenia subjects were off antipsychotics at the time of death, we looked at potential effects of these medications in adult monkeys chronically exposed to the antipsychotic haloperidol. Haloperidol treatment was not associated with alterations in the proportion of PV cells with WFA PNNs (control 87.8 ± 5.4%, haloperidol treated 88.8 ± 2.4%, P = 0.748), the intensity of WFA labeling in individual PNNs (control 271.8 ± 55.0, haloperidol treated 236.7 ± 14.1, P = 0.573), or somal PV labeling of PV cells with PNNs (control 911.1 ± 73.7, haloperidol treated 920.4 ± 113.4, P = 0.958). In concert, these data suggest that the findings of reduced PNN and PV labeling in schizophrenia subjects is unlikely due to comorbid factors.
DISCUSSION PV Cells and PNNs are Normal in Density but More Difficult to Detect in Schizophrenia Subjects
The mixed reports of lower cortical PV cell density in schizophrenia could be due to reduced PV expression, rendering some PV cells more difficult to detect under the conditions of some studies (Stan and Lewis, 2012) . Indeed, under low magnification, we observed a deficit (11.7%) in the density of PV cells similar to a previous report (Beasley et al, 2002) . However, under high magnification low-intensity objects should be easier to detect as the × 60 objective used in this study has a 25% higher brightness index and a nearly 50% increase in resolving power compared with the × 20 objective. Indeed, under high magnification PV cell density did not differ between subject groups, whereas the intensity of PV immunoreactivity per neuron was lower in schizophrenia, a pattern concordant with findings at the mRNA level (Hashimoto et al, 2003) . Furthermore, the low and high magnification analyses detected nearly identical densities of PV cells in comparison subjects (compare Figures 2a and 3b), indicating that cells with normal levels of PV protein are readily detectable. Thus, prior reports of apparently lower PV cell density (Beasley et al, 2002) are likely due to lower levels of PV protein and reported losses of PNNs (Mauney et al, 2013) are not likely due to loss of PV neurons.
Similarly, the lower proportion of PV cells with PNNs observed under low magnification in schizophrenia subjects likely reflects the reduced intensity of PNN labeling seen under high magnification, without a loss of PNNs. First, at low magnification the deficit in the proportion of PV cells with aggrecan PNNs was much smaller than with WFA labeling, suggesting that aggrecan labeling is relatively less affected in schizophrenia subjects. Second, because PNNpositive PV cells have larger somata than those lacking PNNs, a loss of PNNs (without a loss of PV neurons) in schizophrenia would result in a greater mean somal size of PNN-negative PV cells; however, such a difference between subject groups was not observed. Last, WFA labeling intensity of individual PNNs seen under high magnification was strongly positively correlated with the percentage of PV cells surrounded by a WFA PNN seen at low magnification. Taken together, these findings are consistent with both the persistence of PV cells and PNNs in schizophrenia and a greater sensitivity of aggrecan immunoreactivity than WFA labeling for detecting PNNs. Although the density of PV cells and of the PNNs that surround them are not lower in schizophrenia, lower levels of PV, aggrecan, and WFA labeling clearly indicate a pathological process in this component of DLPFC layer 3 circuitry.
The lower levels of PV protein and of PNN markers appear to reflect the disease process and not factors that are frequently comorbid with schizophrenia such as suicide, tobacco use, and use of psychotropic medications. As only four schizophrenia subjects in this study were off antipsychotic medications at the time of death and at least two had taken these medications in the past, we examined the potential effects of antipsychotics on PV and PNNs in monkeys chronically exposed to the antipsychotic haloperidol. In these animals, we found no effect of antipsychotic treatment on WFA labeling or PV immunoreactivity. Although this approach does not permit the detection of a disease by drug interaction, these data suggest that antipsychotic medications alone cannot account for the observed deficits in PV and WFA labeling in schizophrenia subjects.
What Mechanisms Might Account for Both Lower PV Levels and Lower PNN Labeling in Schizophrenia?
Levels of PV (Kinney et al, 2006) and PNN labeling (Dityatev et al, 2007; Giamanco and Matthews, 2012) are regulated in an activity-dependent manner. For example, increased PV and WFA labeling during the closure of critical periods in sensory cortices is likely driven by increased excitatory input (McRae and Porter, 2012) . In addition, both aggrecan expression (McRae et al, 2010) and glycosylation state (Lander et al, 1997) are activity-dependent. Because DLPFC layer 3 PCs appear to receive fewer excitatory synaptic inputs (Glantz and Lewis, 2000) resulting in a lower expression of gene products critical for energy production (Arion et al, 2015) , their lower activity would result in less excitatory drive to neighboring layer 3 PV cells (which receive a large proportion of their excitatory inputs from layer 3 PCs (Melchitzky et al, 1998) . A reduction in excitatory inputs could result in an activity-dependent downregulation of PV and PNN components in schizophrenia. Consistent with this interpretation, neuronal activity in sensory cortices during the closure of a critical period is associated with both the maturation of PV neurons and the appearance of PNNs (Nowicka et al, 2009; Ye and Miao, 2013) .
Alternatively, other mechanisms might alter PNNs, which in turn could lead to altered PV levels in schizophrenia. For example, altered sulfation of N-acetylgalactosamine (GalNAc, a major disaccharide found in CSPGs) results in greatly reduced WFA labeling (Miyata et al, 2012) . Furthermore, PNNs might be subject to enhanced degradation in schizophrenia. Interestingly, the expression of several enzymes involved in extracellular matrix (ECM) degradation is increased in the temporal cortex in schizophrenia (Pietersen et al, 2014) . Moreover, two distinct populations of PV neurons have recently been interrogated based on the presence of PNNs, and the PV cells with PNNs (which are the majority of PV neurons) are highly enriched for markers involved in matrix remodeling (Rossier et al, 2015) , suggesting these cells may be particularly susceptible to ECM alterations. Any of these mechanisms could lead to lower PV levels as experimental disruptions of PNNs results in lower PV mRNA expression (Yamada et al, 2015) , without a change in the number of detectable PV cells (Cabungcal et al, 2013a) , findings that match the current report. In contrast, our findings of a positive correlation between PV and PNN labeling is unlikely to be due to lower PV expression causing lower PNN labeling because mice lacking PV have normal WFA labeling (Schwaller et al, 2004) .
Functional Consequences of Lower Levels of PV and PNN Components
Our observation that the level of PV protein per neuron, and not the number of PV neurons, is lower in schizophrenia may have the following functional consequences. PV is a low-affinity calcium buffer that likely regulates neurotransmitter release (Eggermann and Jonas, 2012) . Furthermore, PV is important in short-term plasticity in striatal neurons and loss of PV can affect the excitability and output of these cells (Orduz et al, 2013) . Moreover, mice lacking PV have behavioral deficits, including altered social interactions (Wohr et al, 2015) . Therefore, reductions in PV could result in altered GABA release and inhibition of pyramidal neurons in the DLPFC and contribute to the clinical features of schizophrenia.
Alterations in PNNs in schizophrenia could also have substantial adverse effects on the function of the affected neurons. First, PNNs carry a high degree of negative charge and may function as cation sinks (Bruckner et al, 1993) . This role may be particularly important for PV neurons to maintain their fast-spiking properties. Second, the ECM is critical for establishing the local Cl − concentration (Glykys et al, 2014) . Therefore, PNN disruption could alter inhibitory inputs to layer 3 PV neurons. Third, the loss of ECM components increases the mobility of excitatory AMPA receptors (Frischknecht et al, 2009) , potentially altering the ability of glutamatergic inputs to depolarize the cell. Fourth, disruption of PNNs can alter the resting membrane potential of PV neurons (Miyata et al, 2012) and decrease the amplitudes of both inhibitory (Liu et al, 2013) and excitatory (Pyka et al, 2011) postsynaptic currents. Each of these factors could affect the excitability of PV neurons and contribute to lower expression of activity-dependent genes, such as Zif268 and GAD67 (Kimoto et al, 2014) , in PV neurons. Several studies suggest that ECM components, including PNNs, are critical regulators of synaptic plasticity Miyata et al, 2012; Morishita et al, 2015) . Finally, PNNs appear to be both protective against and altered by high levels of oxidative stress (Cabungcal et al, 2013a; Do et al, 2015; Morishita et al, 2015) . Higher levels of oxidative stress have been reported in schizophrenia (Wang et al, 2009; Yao et al, 2006) and increased oxidative stress in an animal model results in lower WFA labeling of PNNs and alterations in γ-oscillations (Cabungcal et al, 2013a, b) .
Taken together, these data show that a normal complement of PV neurons and the PNNs that surround them are present in the DLPFC of subjects with schizophrenia. However, decreased expression of both PV and PNN components are present in schizophrenia, suggesting that PV cell dysfunction is part of the disease process. Through a variety of mechanisms, PV and PNN-mediated alterations are likely to contribute to dysfunction of the layer 3 PV-PC local circuitry that generates γ-oscillations (Gonzalez-Burgos et al, 2015) and thus to the neural basis for the impairments in DLPFC γ-oscillations seen during cognitive tasks in individuals with schizophrenia (Uhlhaas and Singer, 2015) .
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